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Cumulative Probability g quantities. The performance of RRTM over ranges of temperature, water vapor abundance, and ozone abundance has been studied by applying the model to a variety of realistic atmospheric profiles. The performance with respect to the abundances of other species has been analyzed by introducing incremental changes in the profiles of these species. Of particular interest in this regard are the results of the model for the doubling of the CO2 abundance from current levels.
In section 2 we consider the k-distribution method for a homogeneous layer and its application to the calculation of the radiative transfer for inhomogeneous atmospheres in the context of the correlated-k approach. The development strategy for RRTM is discussed in section 3. Section 3.1 contains a summary of the LBLRTM model and its related validations with observations. In section 3.2 aspects of RRTM related to the calculation of optical depths for an arbitrary atmosphere are described, including the use of LBLRTM for the generation of the needed k distributions. Section 3.3 describes the radiative transfer algorithm in RRTM with emphasis on the method used for the determination of the Planck function.
Validations using LBLRTM of flux and cooling rate results for a range of atmospheric profiles are detailed in section 4. Included in this section is a comparison of the results of the two models for the effects of doubling carbon dioxide from present levels. Issues associated with computational efficiency are discussed in section 5. The final section of the paper provides a summary and details the anticipated future direction for the development of RRTM.
The k Distributions and the Correlated-k Method
The correlated-k method is an approximate technique for the accelerated calculation of fluxes and cooling rates for inhomogeneous atmospheres. This method is capable of achieving an accuracy comparable with that of line-by-line models with an extreme reduction in the number of radiative transfer operations performed. The radiative transfer operations for a given homogeneous layer and spectral band are carried out using a small set of absorption coefficients that are representative of the absorption coefficients for all frequencies in the band. The spectral absorption coefficient k(v) varies irregularly with wavenumber v and therefore is not directly suited to the determination of representative values. However, by rearranging the absorption coefficients in ascending order, a characteristic value can be specified for any segment of the now smoothly varying function. Mathematically, this is accomplished by mapping the absorption coefficients k(v) from spectral space to a space defined by a variable # (i. J spectral point is treated in a monochromatic radiative transfer method. Under conditions such that the mapping v -• g is identical for adjacent layers, or equivalently that the k distribution in a given layer is fully correlated in spectral space with the k distribution in the next layer, the extension of this method to inhomogeneous atmospheres is exact; hence this approach is referred to as the correlated-k method. In general, these conditions do not hold. As pressure, temperature, and relative molecular concentrations change from layer to layer, each k(v) value will be affected differently. As a result, the spectral elements that contribute to a subinterval of the k distribution for one homogeneous layer will not be mapped to the corresponding subinterval for a different atmospheric layer, and therefore performing radiative transfer through the atmosphere for a single subinterval will not correspond to a fixed set of frequencies. This affects the accuracy of the radiance calculation since, for each layer, the transmittance that acts on the incoming radiance in general will not be perfectly matched with that radiance since the two quantities will be associated with different sets of spectral elements. The magnitude of the resulting error is dependent on the extent to which the mappings v - 
The only error introduced in this procedure is due to the use of single •i, Ri, and B cffo values for each subinterval instead of the full set of k(v) and R• values. There is no error caused by the reordering procedure. Therefore only the desire for an increase in computational efficiency can diminsh the accuracy of this method, which is potentially unlimited.
The method is extended to obtain the radiative transfer for vertically inhomogeneous atmospheres by dividing the atmosphere into layers, each treated as described above, and using the outgoing radiance at each value of g as the incoming radiance for the same g value for the adjacent layer. This procedure treats each subinterval in an equivalent manner as a
Model Development Strategy
Numerous radiative transfer models have been developed for climate applications. Band models [e.g., Goody, 1952; Kieht and Ramanathan, 1983; Crisp et al., 1986 ] are capable of providing accurate results in clear-sky conditions. However, since these models do not possess detailed information about the absorption coefficient distribution, their formalism does not readily lend itself to the calculation of radiative transfer for scattering atmospheres, which is highly dependent on the magnitude of local absorption. Approaches to the accelerated calculation of radiative transfer that have detailed dependence on absorption coefficients, such as the correlated-k method utilized for RRTM and a related method, exponential sum fitting of transmittances [Lacis and Hansen, 1974 A critical element for the model is the method used for performing the radiative transfer for a spectral band with multiple active species. The development of an accurate and computationally efficient approach to this problem has proven to be a challenge for rapid radiation models, including those using the correlated-k approach. Correlated-k models generally have either sacrificed accuracy to preserve computational speed by simply adding the independent contributions of the active species or have maintained model accuracy but with a dramatically increased number of operations to compute the needed optical depths. In RRTM the problem of overlapping bands is dealt with by the introduction of a parameter that allows any combination of two overlapping species to be analyzed accurately and efficiently.
The loss of spectral information when utilizing the mapping v --> # to create a k distribution impedes the use of the nongrey information inherent in other physical quantities, such as the Planck function. This can result in models treating these quantities as though they had no spectral dependence, i.e., completely grey, with a consequent loss of accuracy. In RRTM, all spectrally dependent physical quantities are utilized in each spectral band in a manner consistent with their respective correlations with the spectral distribution of the band's absorption coefficients. This includes the Planck function, the contribution of minor species to absorption in the band, and the effect of the water vapor self-continuum. (In addition, the contribution of the self-continuum to the optical depth is included in a way that correctly takes into account its quadratic dependence on water vapor abundance.) Details of these procedures appear below.
Last, in order for a model using the correlated-k method to accurately compute cooling rates in the middle and upper atmosphere, high resolution is needed in the part of the k distribution corresponding to values of # near unity. This high resolution in # space is difficult to achieve while maintaining speed of execution. This is handled in RRTM by the division of the k distribution into subintervals of decreasing size with respect to #, with high resolution only at the upper end of the k distribution. This arrangement allows accurate determination of middle atmosphere cooling rates while preserving the speed of the model. A comprehensive validation effort involving LBLRTM is currently being performed using AERI measurements as part of the ARM program for a Quality Measurement Experiment (QME). The three principal components of the QME are (1) use of LBLRTM to compute spectral radiances, (2) specification of the atmospheric state in the radiating column principally from radiosonde measurements, and (3) use of the ground-based AERI instrument to accurately measure radiances [Brown et al., 1995] . This QME has provided the evidence that the limiting factor in the calculation of atmospheric radiation is the specification of water vapor abundance in the radiating column.
Validations of LBLRTM with upwelling spectral radiances at high altitudes have been performed with measurements from the University of Wisconsin high-resolution interferometer sounder (HIS) [Smith et al., 1983] . The results 6f one such comparison [Clough et al., 1989b [Clough et al., , 1992 indicate good agreement between measurement and calculation, with residuals in brightness temperature less than 2 K across the measured spectrum. Each species that is responsible for substantial absorption in a spectral band is termed a "key species," and its effect on radiation is analyzed in detail. Other species in the bands that have small but nonnegligible absorption are referred to as "minor species" and are treated less rigorously. Table 1 
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those k values corresponding to a cooling rate greater than 10% of the maximal cooling rate for that level. Table 3 indicates that as altitude increases and the absorption coefficient for which the cooling rate is greatest moves closer to !7 = 1, the fraction of the k distribution contributing significantly to the cooling rate decreases, with less than 1.0% contributing at the highest level (P = 0.084 mbar). The variability in the size of RRTM's subintervals in 17 space permits suitable accuracy for these cases while preserving computational efficiency for all cases. In this case, the user selects the number of angles n to be analyzed, where n = 1, 2, 3, or 4. This second option requires the calculation of n times the number of exponentials needed for the first option, leading to a degradation in speed. For n = 4, this method does provide slightly more accuracy than the first choice of angles. The third choice for the angular integration is a variation of the one-angle option described above. Instead of using the standard ordinate position in first-moment quadrature for the cosine of the angle to be evaluated, the cosine of the angle is set to 1/1.66. This approach to the angular integration, referred to as the diffusivity approximation, achieves an accuracy approximately equivalent to that of the two angle quadrature. This option is a useful alternative to the default option, providing roughly a factor of 2 improvement in speed with a decrease in accuracy of about 0.5 W m -2 for the longwave region.
Validations
The results of an accurate line-by-line (LBL) model for a range of atmospheric profiles provide the best basis to fully judge the accuracy of the algorithm used by a rapid model. Validation using an LBL model is complementary to the use of experimental data, which can be limited in spectral coverage, altitude regime, and range of atmospheric conditions such as water vapor abundance. In addition, the validation of the rapid radiation model by an LBL model does not suffer from problems due to inaccuracy in the specification of atmospheric state, an issue that critically affects comparisons with observations. Validations using an LBL model can always be done for each spectral band of the rapid model, ensuring that any concordance between the two models is due to the algorithm 
SPECTRE Atmospheres
RRTM has also been validated using atmospheric profiles obtained by field experiments. Table 4 presents the results of downward surface radiance calculations for four profiles from the SPECTRE campaign. The profiles were obtained during autumn in the midwestern United States and range in water vapor column amount from 0.55 cm to 1.77 cm, with three of the four profiles containing temperature inversions. Also listed in Table 4 for these profiles are the results of integrating the spectral downwelling surface radiance measurements from the AERI interferometer to the spectral bands of RRTM. (Note that since 520 cm -• was the lowest wavenumber for which a measurement was obtained, only the results for the bands beginning after this wavenumber are presented in Table 4 .)
The results in Table 4 
Doubled CO2
To assess the sensitivity of RRTM to changes in CO2 concentrations, both RRTM and LBLRTM were used to calculate the differences in fluxes and cooling rates resulting from doubling concentrations of CO2 from its current level of 355 to 710 ppm. The results of this comparison for the top of the atmosphere, tropopause, and surface are presented in Table 6 . It is important to note that these results provide a test of two separate methods utilized in RRTM to account for the radiative effect of gases. In the spectral bands in which CO2 is considered a key species (bands 3, 4, 5, 12, 14, and 15), doubling the CO2 abundance fundamentally alters the mapping v --> #. As indicated by an additional radiative effect of the increased abundance in the window region of the spectrum (bands 6, 7, and 8) [Kratz et al., 1991] , which includes the "laser bands" of CO2. In these three spectral bands, CO2 is considered a minor species, and its radiative effect is analyzed by the second method used in RRTM, as described in section 3.2. As can be seen in Table 6 , this method provides results with an accuracy comparable to that obtained with the first, more rigorous, method. The totals given in Table 6 for the longwave region of the spectrum indicate that RRTM provides roughly equivalent results to those of LBLRTM for the doubling of CO2 concentrations, with errors of less than 10%. It should be noted that the version of LBLRTM used to obtain the results presented in Table 6 employed the CKD_2.0 water vapor continuum model.
5.
Model Structure and
Computational Efficiency
RRTM has been developed to have a modular structure. Each of its components can easily be extracted from the model and used in other computations. The module that computes the optical depths for a given atmospheric profile has been incorporated into a ARM collaborative radiative transfer model, 3ARM [Bergstrom et al., 1996] . In addition, a version of RRTM has been developed for incorporation into the CCM2 general circulation model. To facilitate comparisons with LBLRTM (and application of RRTM at ARM Cloud and Radiation Test (CART) bed sites), RRTM has the identical atmospheric input module as LBLRTM. Also important for diagnostic purposes is the option to provide the calculated fluxes and cooling rates for the full longwave region 10-3000 cm -•, the full longwave region plus each individual spectral band, or any individual spectral band. When the output is listed for the full longwave region, a correction is included to include the small terrestrial contribution to the flux and cooling rate from wavenumbers greater than 3000 cm -•.
One of the more computationally expensive operations in radiative transfer models is the exponential, required to obtain a transmittance from an optical depth. To reduce the number of exponential operations that are needed to perform the radiative transfer for an atmosphere, RRTM has special paths that avoid exponentiation for the cases of low and high optical depths. The gain in speed from this approach is significant. For example, in calculating the radiative transfer for the midlatitude summer atmosphere, less than one third of the optical depths are exponentiated to obtain transmittances, allowing only 7% of the total execution time of the radiative transfer module to be used for the performance of exponentials. In addition, this module spends 27% of its execution time computing the needed optical depths, with the remaining 66% devoted to the actual radiative transfer. A measure of the computational efficiency of the model that is less machine-dependent than the time of execution is its timing relative to a benchmark routine consisting solely of exponentials, where the number of exponentials performed in this benchmark is equal to the number of transmittances needed to compute the radiative transfer for the given atmosphere. This comparison, where each power that was exponentiated in the benchmark was a unique number with a value near -2, indicates that the ratio of the times of execution of RRTM and the benchmark routine is 2.5. This benchmark is archived and available to those interested from the authors. RRTM is available from the AER homepage at http://www.aer.com.
Results of timing tests for
Summary
The evaluation of the flux and cooling rate results of RRTM indicates that the model has an accuracy consistent with lineby-line models. The speed of the model makes it suitable for use in general circulation models, and it is versatile enough to maintain these levels of accuracy and speed for a diverse range of molecular abundances, temperature profiles, and layering schemes.
The development of a rapid radiation model involves a determination of the appropriate balance between speed and accuracy. Given the attainment of the objective of obtaining a model accuracy consistent with line-by-line calculations, there are a number of areas that can be explored to improve the speed of the model. These include reducing the number of subintervals into which some or all of the bands are divided and combining noncontiguous spectral regions having similar absorbers into single spectral bands. Any potential change should be thoroughly investigated to determine its effect on the accuracy of the model. This model (and its future versions) has the potential to be an effective tool in the study of climate. Toward this end, the authors of this study are currently investigating the effects of improved radiative modeling on feedbacks in the climate system by incorporating RRTM into the general circulation model CCM2. (RRTM is easily adapted to treat clouds in the longwave.) Two issues that are of particular interest in this investigation are (1) the effect of inclusion of the foreign water vapor continuum on surface temperature and on upper tropospheric water vapor fields and (2) the consequences of implementing improvements in the modeling of ozone in the radiative calculation. This investigation will also critically evaluate the accuracy and speed of RRTM relative to the radiation code currently incorporated in this and other global models.
The next phase in the development of RRTM will involve the extension of the algorithm to the shortwave region of the spectrum. The objective of this effort will be, again, to obtain results comparable in accuracy to those of a line-by-line model. When this extension has undergone critical validation, a multiple-scattering capability will be added to RRTM to allow the calculation of fluxes and cooling rates for both clear and cloudy skies.
